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Plant embryogenesis

Sacco C. de Vries and Dolf Weijers*
Land plants are called 'embryophytes' and thus, their collective name is defi ned by their ability to form embryos. Indeed, embryogenesis is a widespread phenomenon in plants, and much of our diet is composed of embryos (just think of grains, beans or nuts; Figure 1 ). However, in addition to embryos as a source of nutrition, they are also a fascinating study object. Some of the most fundamental decisions on fate and identity, as well as patterning and morphogenesis, are taken during the fi rst days of plant life. Yet, embryos are diverse in structure and function, and embryogenesis in plants is by no means restricted to the zygote -the product of fertilization. In this Primer, we discuss the adventures of the young plant. We will consider what it means to be a plant embryo and how to become one. We will next highlight how the study of early embryogenesis can reveal principles underlying oriented cell division and developmental pattern formation in plants.
The existential question
The fi rst, and perhaps most pressing, question is 'what is a plant embryo?' A common defi nition of an embryo is that it is an unborn or unhatched new organism in its early stages of development. In sexually reproducing organisms, common sense adds the property that it should be the product of fertilization. Already here, we are faced with diffi culties in defi ning what one should consider an embryo in plants. Green 
The many ways to become an embryo
The key and defi ning step in plant embryogenesis is its initiation from a non-embryonic precursor cell. This process naturally occurs when an egg cell is fertilized, transforming a haploid gamete into a diploid sporophyte. This event most certainly triggers reprogramming of the cellular state, and sets in motion the subsequent steps of embryo development. Strikingly though, embryo initiation in plants is not limited to the egg cell ( Figure  2 ). Perhaps the most imaginative observation was made in the late 1950s when it was demonstrated that carrot somatic cells grown in a fully synthetic medium with the synthetic auxin phytohormone 2,4-D produced large numbers of embryos. This conditional reprogramming of somatic cells towards embryogenesis was later found to be common in many plant species, in cells of different origin, and can even be triggered by stresses in haploid microspores. Thus, embryogenesis is a property that can be rather universally triggered in plant cells, which urges the question of how the process is regulated.
From recent work, it appears that reprogramming requires chromatinlevel changes. It follows that epigenetic marks normally repress embryogenic potential and need to be removed before potential is unleashed. Likewise, dramatic changes in nuclear architecture and chromatin structure are induced 
The early embryo as a model for plant development
Following the initiation of a new embryo, there are several tasks facing the young plant. Within a period that is limited by the time until the seed desiccates (in seed plants), suffi cient cells need to be generated to build a new body. In addition, these cell divisions need to be ordered in a precise way to arrive at a speciesspecifi c morphology. Finally, as the embryo progresses, the various cell types and tissues, as well as their stem cells, need to be defi ned. As such, embryogenesis is a period of intense growth, morphogenesis and pattern formation. Much has been learned from studies on the fl owering plant Arabidopsis thaliana, and where studied, there are strong parallels to other fl owering plant species. Therefore, we here summarize the key elements of embryogenesis based only on the Arabidopsis example.
Arabidopsis has the interesting property that cell division patterns in the embryo are close to invariant.
This property is shared with other plants in the crucifer family, but is not representative of fl owering plants in general. One could regard Arabidopsis as a minimalist -it generates an embryo with as few cells as possible, and thus there are strong constraints on division patterns of each cell. However, idiosyncratic as this behavior may be, this property allows facile detection of abnormal behavior, and provides for a good model to understand the developmental control of cell division.
Oriented and asymmetric cell division Development in multicellular organisms relies on the ability of cells to become distinct from each other. Clearly, starting from a single cell and producing a miniature plant, embryogenesis must generate all cell types of the mature embryo (seedling). Thus, mechanisms that generate cellular diversity are active in the early embryo. One such mechanism is asymmetric cell division. Asymmetry of division is marked by the birth of two daughter cells with different properties. In a developmental context, this could, for example, generate two cells with different identity, but differences could equally well be refl ected by differences in size or shape. A systematic analysis of 3D cell shapes in the Arabidopsis embryo found that such different modes of asymmetry are often correlated -divisions that are known to give rise to two different cell types (or fates) frequently also generate cells of different volume. While entirely correlative, this Our diet includes many different plant embryos (e.g., beans or nuts), and seeds (e.g., maize kernel or rice grain) that contain an embryo.
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For most of these asymmetric divisions, the underlying mechanisms that generate asymmetry are entirely unknown, nor is it clear how the division is instructed. One division, however, has been studied in substantial detail -the fi rst division of the zygote. In many plant species, this fi rst division after fertilization is asymmetric in that it generates two cells of unequal size. This observation has already been made by anatomists in the mid-1900s, and it has been widely discussed that this fi rst asymmetric division may be causally connected to the reality that in many species, the fi rst division separates an embryonic cell population (the pro-embryo) and an extra-embryonic lineage (the suspensor). In many cases, the upper cell, the one that is not connected to the seed tissue, is smaller and develops into the proembryo. Thus far, this observation has not gone beyond a correlation, and an interesting question is whether that asymmetry of the fi rst division is causal to distinctions between the embryonic and extra-embryonic cell lineage. Genetic studies in Arabidopsis are not unambiguous in this regard. There are mutants that disturb the fi rst division, but this does not necessarily eliminate the distinction between the two cell fates.
The genetic regulation and cellular execution of this fi rst division has, however, been studied in detail. Interestingly, in Arabidopsis zygotic embryos, asymmetry of the fi rst division requires paternal input. A sperm-derived membrane protein promotes elongation of the zygote and asymmetric division. It was long thought that zygote polarity, and thus asymmetric division, consolidated the intrinsic polarity of the egg cell prior to fertilization. Recent work showed this not to be the case. Upon fertilization, the zygote transiently loses its anatomical polarity, and is subsequently re-polarized. Repolarization requires a specifi c set of genes, including a number of transcription factors.
Evidently, plants have few instruments for controlling morphogenesis in 3D, and oriented cell division is one of these. As was proposed in the mid-late-1800s, plant cell division often follows patterns that can be approximated by simple 'rules', at least in 2D. Such rules encompass, for example, the shortest wall through the center of the cell, constant curvature of the new wall and attachment perpendicular to the parental wall, to name a few. When analyzing these principles in 3D, it appeared that several cell divisions in the embryo followed a simple default rule of minimal surface area passing through the center of the cell. Thus, such divisions are instructed only by the geometric properties of the cell.
Asymmetric divisions, however, did not adhere to this rule, but when an important Current Biology 27, R853-R909, September 11, 2017 R873 regulatory pathway -response to the phytohormone auxin -was blocked, most cells reverted to the default division mode. Thus, within a simple framework, divisions follow a default division mode to divide symmetrically, and control over asymmetric divisions can be executed by interfering with this default. Manipulating this system can be done in several ways, either through modifying the cytoskeleton, by altering the reference system of polarity, or by changing the coupling of the cell division process to the reference polarity system. The next years will hopefully see progress in addressing this critical problem.
Pattern formation in the early embryo
As the embryo increases in cell number, the future organs are specified in local regions. This process requires two essential elements. Firstly, each organ needs to be specified by installing a unique genetic program. At the same time, these organs have to be positioned relative to one another in a sensible way. Thus, the process of pattern formation requires both specification and coordination. The arrangement of organs along the embryo axis (top to bottom) requires that cells are instructed of their position using vectorial, positional information. Several signaling molecules, including transported proteins, have been identified, but the most prominent among these is the phytohormone auxin. This small molecule is directionally transported between cells using influx and efflux carriers, and this transport system thus allows fluxes between cells and local accumulation. Auxin locally triggers gene expression changes that drive developmental progression. In an experiment where auxin response was locally inhibited in various domains of the embryo, it was found that virtually all pattern formation processes in the embryo depend on proper auxin response. Thus, this hormone helps coordinate the establishment of a spatial pattern of organs. One important output of auxin signaling, which occurs at the lower end of the embryo where high levels of auxin accumulate, is root formation. This involves the expression of a number of auxindependent root-specific transcription factors, some of which are sufficient to establish an ectopic root when expressed elsewhere.
At the other end of the embryo, the shoot is initiated. This area is later partitioned into a shoot apical meristem, cotyledons, and boundaries that separate these two. A number of genes have been shown to be required for partitioning of the shoot region, and critical transcriptional regulators for the shoot apical meristem and the cotyledon boundaries are known. Thus, the organ pattern formation process involves both a vectorial information system (auxin transport and accumulation), and local decision making through key transcription factors. Secondly, domains -such as the shoot -are subdivided into specifi c functional organs.
Within these embryonic organs, there are precursors of the major tissues: epidermis, ground tissue and vascular tissue, as well as the stem cells that extend these tissues postembryonically. While it is clear that these tissue identities are specifi ed at some point during embryogenesis, and while this process can easily be visualized through tissuespecifi c gene expression reporters, disappointingly little is known about the mechanisms that specify tissue identities. Again, auxin response is critical for the establishment of vascular and ground tissue, while the epidermis seems to rely on different input. In fact, the epidermis is the only of the three tissues for which a clear regulator, suffi cient for specifi cation, has been identifi ed.
Other than auxin response, no clear tissue-specifi c transcriptional regulators of vascular or ground tissue is known. In the epidermis, however, Homeodomain transcription factors seem to defi ne the tissue layer. Mutations in these transcription factors cause a loss of epidermal properties of the outer layer, while misexpression can induce the differentiation of epidermal cell types (e.g., stomatal guard cells) from subepidermal cell layers. It is likely that similar switches exist for the other tissues. As no genome-wide map of gene expression at cellular resolution in the Arabidopsis embryo has yet been published, it is currently unclear how large differences between tissue types are, and which transcription factors mark the different tissue types. Given that several tissuespecifi c genes have been isolated, and are the subject of intense investigation, it is likely that causal switches for the different tissues will be identifi ed in the next years.
Plant embryos are a rich source of nutrition, and of inspiration for fundamental questions in plant biology. The ultimate cell-identity switch -from a somatic cell to an embryo cell -is widespread in plants, but its mechanisms are poorly understood. A clear challenge for the future will be to map the (epi)genetic trajectory of embryo initiation, and the ways in which triggers and regulators promote cell fate conversion. Another key challenge is to defi ne if and how embryogenesis differs from other -regenerative -processes in which a body axis with shoot and root apical meristems is established de novo. Recent work suggests that these processes may share signifi cant overlap. Irrespective of origin, plant embryos -particularly in crucifers -have provided a wealth of information on fundamental principles of morphogenesis and tissue patterning. Current improvements in transcriptome analysis on few of single cells, as well as advances in (live) imaging, will certainly fuel many more exciting discoveries, thus illuminating the fi rst adventures of the young plant.
